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A High Intensity Electron Beam lon Trap for Charge State
Boosting of Radioactive lon Beams

R. E. Marrs and D. R. Slaughter

Lawrence Livermore National Laboratory, Livermore, CA 94551.

A high intensity electron beam ion trap under development at LLNL could be adapted for charge state
boosting of radioactive ion beams, enabling a substantial reduction in the size and cost of a post-
accelerator. We report estimates of the acceptance, ionization time, charge state distribution, emittance,
and beam intensity for charge state boosting of radioactive ions in this device. The estimates imply that,
for tin isotopes, over 10' ions/s can be ionized to g = 40+ with an absolute emittance of approximately 1 n

mm mrad at an energy of 30 x g keV.

INTRODUCTION

The U. 8. scientific community is considering options
for the construction of a major new facility for the
production and acceleration of radioactive ion beams
(RIBs). The facility will be based on the ISOL concept in
which radioisotopes diffuse out of a high temperature
production target, are singly ionized, and pass through a
mass separator. The proposed scientific program requires
accelerating the radioactive ions to energies up to roughly
10 MeV/u. To reach these energies in a post-accelerator of
reasonable size and cost the radioactive ions must be
ionized to high charge states either before acceleration or
by stripping between stages of acceleration.

One option for reaching high charge states is
ionization of (low energy) ¢ = 1+ ions in an electron beam
ion source (EBIS) or trap (EBIT). In these devices ions are
trapped within the space charge of an electron beam and
ionized to high charge states by electron impact. For
example, isotopes of tin (Z = 50) could be ionized to g =
40+ or 48+ before acceleration. A high intensity EBIT
under development at LLNL may be able to satisfy the
expected performance requirements of a future RIB facility
with a substantial reduction in the size of the post-
accelerator and an improvement in performance compared
to ion stripping between acceleration stages.

ELECTRON BEAM ION TRAP

The electron beam ion trap was developed at LLNL to
study x-ray emission from very-highly-charged ions. The
ions are trapped in the space charge potential of an electron
beam and confined axially by voltages applied to drift tubes
or trap electrodes (1,2). High charge states are reached by

successive ionizing collisions with beam electrons, and the
final charge state can be controlled by selecting the electron
beam energy and confinement time. The EBIT concept is
shown in Fig. 1. The related EBIS was developed as a
source of highly-charged-ion beams (3). The EBIT uses a
higher electron beam current density and a shorter trap
length than the traditional EBIS. However, the EBIT can
also be operated as an ion source.
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FIGURE 1. Ilustration of ion confinement in an EBIT. The
magnetic field compresses the electron beam, but has little effect
on the ions.

A high intensity EBIT under development at LLNL is
expected to increase the x-ray emission rate from trapped
ions by a factor of 100 (per cm of beam length), and the



highly-charged-ion beam intensity by a factor of 1000 over
" that of existing EBITs. This is accomplished by roughly
10-fold increases in the total electron beam current, the
current density, and the length of the trap. Actual
parameters for the LLNL high intensity EBIT are given in
Table 1, and a scale drawing is shown in Fig. 2.

EXPECTED PERFORMANCE

The performance of the LLNL high intensity EBIT

operating as a charge state booster can be inferred from -

calculations and experience with existing EBIT devices.
The profile of the magnetically compressed electron beam
in such devices is known to be roughly Gaussian with a
radius determined by the electron temperature and the
magnetic field (if any) at the cathode (4). Normally the
magnetic field at the cathode is carefully zeroed with a
bucking coil in order to obtain maximum electron beam
compression.  Electron beam profile measurements in
magnetic fields up to 3 T confirm the predictions of
theoretical models. For the high intensity EBIT operating
at 6 T with a 5-A electron beam from a 6.4-mm radius
cathode, theory predicts that 80% of the electron beam is
within a radius of 48 pum. The electron beam radius is
almost independent of the electron energy; however, we
use an electron energy of 30 keV for the estimates
presented here. ‘

TABLE 1. Typical parameters for the LLNL high intensity
EBIT operating as a RIB charge state booster.

Magnetic field 6 tesla

Electron beam energy 30 keV
Electron beam current SA

Beam radius (80% current) 48 pm

Central current density 1.1x 10° Afem®
Trap length 25¢cm

Total electron charges 7.9 x 10'°

Ton Acceptance

The acceptance of the EBIT trap is a very important
parameter. It must be large enough to accommodate the
emittance of the singly charged radioactive ion beam from
the production source with minimal losses. Acceptance and
emittance have the same units, and both are a measure of
the transverse phase space volume of the ion beam. As
such, they can be related to the temperature and radius of
the ions in an ion source or trap. We calculate the absolute
acceptance and emittance for ions entering or leaving the
EBIT trap from the formula

A
= aR,. |~ 1
& 80\/;8(] (H

where Rgg is the radius in the trap containing 80% of the
ions, T; is the temperature of the trapped ions, ¢ is the ion
charge state, e is the clementary charge, and U is the
acceleration potential of the ion beam at which the
emittance is specified (5). For a Maxwellian distribution of
ion velocities at temperature 7; , and a Gaussian shaped
radial ion distribution, the phase space defined by Eq. (1)
contains 67% of the ions.

Captured ions will have good overlap with the
electron beam if the ion temperature is no larger than the
space charge potential difference from the axis to the edge
of the beam, which is U, = 450 V for the parameters given
in Table I, neglecting ion space charge. (The characteristic
ion and electron radii for Gaussian distributions are in fact
equal when 7; = geU, .) The corresponding absolute
acceptance for 7;,=450eVis £=159 n mm mrad at U =30
kV. This is comparable to the emittance of the types of ion
sources used at ISOL facilities (6).
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FIGURE 2. Layout of the high intensity EBIT at LLNL.



Note that the acceptance for capture info the trap
without requiring good overlap with the clectron beam is
much larger than the value given above because the 5-mm
radius of the trap electrodes is 100 times larger than the
electron beam radius, and the 4.5-kV space charge potential
at the trap clectrode radius is 10 times larger than that at the
becam edge. In summary, the capture efficiency for
radioactive ions injected into the LLNL high intensity EBIT
from ISOL type sources is expected to be close to 100%
because of the deep potential well produced by the high-
current, highly-compressed ¢lectron beam.

Ionization time

The ionization time for stripping singly charged
radioactive ions to high charge states is important for two
reasons: (1) The ion beam intensity will be reduced for
isotopes with lifetimes less than the ionization time, and
(2) the ionization rate sets an upper limit on the highly-
charged-ion production rate. In an EBIT, ionization to high
charge states proceeds primarily by sequential single
ionization. The characteristic time for each ionization step
is . = 1/ 0@, , where o; is the ionization cross section
and ¢. is the electron flux. The total time to remove N

N
electrons is then £, = Z 7; . We used Lotz-formula
=1

cross sections (7) to calculate the ionization times for tin (Z
= 50) ions at 30-keV electron energy. The value of the
electron flux used was ¢. = 3.4 x 10° cm?s’ . This
corresponds to the average electron current density for
electron and ion radial distributions that have a Gaussian
profile with the same characteristic radius, and with high-
intensity-EBIT parameters as given in Table 1.

The total time required to reach the different charge
states of tin is plotted in Fig. 3. The time required to ionize
tin isotopes from g = 1+ to g =40+ (Ne-like) and ¢ =
48+ (He-like) is 3.0 ms and 34 ms, respectively. These
closed shell configurations are favorable because the jump
in ionization potential between shells results in a narrower
charge state distribution. In fact, 30 keV is below the K-
shell ionization potential for tin; hence the ionization stops
at g = 48+, and that charge state will have a high
abundance after 34 ms. This effect could be used to
improve the purity of a '®Su beam by removing
contaminating '™In (Z = 49) ions, for which g =47+ is the
highest possible charge state in a 30-keV electron beam.

The ionization time can be used to calculate an upper
limit for the highly-charged-ion output of the high intensity
EBIT used as a charge state booster. If every highly
charged ion could be removed as soon at it was produced,
the ion production rate would be N;/ 1, , where N; is the ion
capacity of the trap and ¢, is the ionization time to reach
charge state g. Assuwming g = 40+ and 50% necutralization
of the electron space charge by ions, N;= 1.0 x 10° ions.
The upper limit for the production rate of Sn*** ions is then

3.3 x 10" jons/s. The actual production rate will be lower
and is difficult to calculate, but it is probably between 10'¢
and 10" ions/s.
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FIGURE 3. Calculated total ionization time to reach the different
charge states of tin in a high intensity EBIT.

Charge state distribution

The charge state distribution of the highly charged
radioactive ions extracted from an EBIT charge state
booster is important because, as with foil stripping, only
one charge state is likely to be accelerated and the others
will be lost. The charge state distribution in an EBIT is
determined by a combination of ionization, recombination,
and loss processes. Measurements from existing EBIT and
EBIS devices provide a good indication of what can be
expected. An abundance of 90% for the g = 46+ (Ne-like)
charge state of barium has been observed in an EBIT (1).
Away from closed shells, an abundance of roughly 25%
was observed for the most abundant (¢ = 77+) charge state
in a beam of thorium ions extracted from an EBIT (8).
EBIS measurements, available for lighter clements such as
argon, show similar distributions (9). Thus, experience
with existing EBIT and EBIS devices suggests that an
ionization balance with 25% or more of the ions in the most
abundant charge state can be expected for RIB applications.

Emittance

The stripping of accelerated ions to high charge states
with foils or gas can only increase the emittance of the
beam. In marked contrast, stripping of ions in an EBIT
reduces the beam cmittance. Rough measurements of the
emittance of beams from existing EBITs and computer
modeling suggest that an absolute emittance of roughly 1 =



mm mrad at 30 kV can be expected for the LLNL high
intensity EBIT (10, 11). One contribution to the emittance
reduction can be seen from the explicit ¢ dependence of Eq.
(1). However, this is offset by the Coulomb energy gained
by ions as they move toward the beam axis and by electron
beam heating of very-highly-charged ions beld for long
times in the trap. Evaporative ion-ion cooling, in which
light (stable) ions are introduced into the trap as a ccolant,
is used to control the temperature and emittance of highly
charged ions in EBIT devices (2).

The decrease in ion emittance in the EBIT has a

favorable impact on a RIB post-accelerator. For example, -

beam losses and radioactive contamination would be
reduced, the resolving power of a mass separator would be
improved, and RIBs could be focused to micron-size spots.

Duty cycle

Tons can be injected into an EBIT either continuously,
at an energy just above the axial trap barrier, or in bunches
by lowering the trap barrier during the arrival of the ion
bunch. With continuous injection, all injected ions not
ionized to higher charge in one transit of the trap will
escape the way they entered. Returning to the example of
tin, the ionization time for Sn'* ions in the high intensity
EBIT is 0.16 us, a factor of 100 less than the 16-us bounce
time of 500-eV tin ions in a 25-cm trap. Hence, 100%
ionization and capture can be achieved with either injection
mode. Note that this is not true for EBIS devices that use
low electron beam current densities of order 200 A/em?” .

Charge-boosted ions can be extracted either
continuously by allowing them to leak out over the axial
trap barrier, or in batches (12, 13). Using batch mode, the
EBIT can function as an ion accumulator so that a pulsed
RFQ and LINAC can be used as a post-accelerator. Note
that the 3.0-ms ionization time to produce Sn** ions is
compatible with a 120 Hz repetition rate,

IMPACT ON RIB FACILITY

The use of an EBIT for charge state boosting will have
a large impact on the post-accelerator that follows it. For
example, an estimate of the post-acceleration required to
accelerate radioactive '**Sn ions to an energy of 7 MeV/u
with two stages of conventional stripping indicates that a
total accelerating potential of 77 MV is required, and that
the expected stripping efficiency is 8% (14). If the ions
were stripped to g = 40+ in an EBIT before acceleration,
then only 24 MV of acceleration potential would be
required.

The REX-ISOLDE project at CERN is using a large
Penning trap with buffer gas cooling as an accumulator and
emittance reducer for singly charged ions. The ions will be
transferred to an EBIS in batch mode for stripping to higher
charge states. The capacity of the Penning trap is expected

to limit the ion throughput to ~10" ions/s (15). The
estimates presented here indicate that a high intensity EBIT
does not require a Penning trap accumulator.

CONCLUSIONS AND FUTURE PLANS

The estimates presented here indicate that a high
intensity EBIT under development at LLNL is an attractive
option for charge state boosting of radioactive ion beams in
an ISOL-type RIB facility. Other advantages of the EBIT
are a significant reduction in the ion beam emittance and
the separation of interfering isobars in some cases. These
features will facilitate cleaner beams and reduce losses.

An experimental verification of the performance
characteristics presented here is crucial for an evaluation of
options for a future RIB facility. We propose to use ISOL-
type sources for injecting ions into a high intensity EBIT at
LLNL in order to obtain measurements of the performance
characteristics presented here.
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